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Surge and Stall Detection Using Acoustic Analysis for Gas Turbine Hybrid Cycles 
Abstract 
Compressor dynamics were studied in a gas turbine—fuel cell hybrid power system having a larger 
compressor volume than traditionally found in gas turbine systems. This larger compressor volume 
adversely affects the surge margin of the gas turbine. Industrial acoustic sensors were placed near the 
compressor to identify when the equipment was getting close to the surge line. Fast Fourier transform 
(FFT) mathematical analysis was used to obtain spectra representing the probability density across the 
frequency range (0–5000 Hz). Comparison between FFT spectra for nominal and transient operations 
revealed that higher amplitude spikes were observed during incipient stall at three different frequencies, 
900, 1020, and 1800 Hz. These frequencies were compared to the natural frequencies of the equipment 
and the frequency for the rotating turbomachinery to identify more general nature of the acoustic signal 
typical of the onset of compressor surge. The primary goal of this acoustic analysis was to establish an 
online methodology to monitor compressor stability that can be anticipated and avoided. 
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Surge and Stall Detection Using
Acoustic Analysis for Gas
Turbine Hybrid Cycles
Compressor dynamics were studied in a gas turbine—fuel cell hybrid power system hav-
ing a larger compressor volume than traditionally found in gas turbine systems. This
larger compressor volume adversely affects the surge margin of the gas turbine. Indus-
trial acoustic sensors were placed near the compressor to identify when the equipment
was getting close to the surge line. Fast Fourier transform (FFT) mathematical analysis
was used to obtain spectra representing the probability density across the frequency
range (0–5000 Hz). Comparison between FFT spectra for nominal and transient opera-
tions revealed that higher amplitude spikes were observed during incipient stall at three
different frequencies, 900, 1020, and 1800 Hz. These frequencies were compared to the
natural frequencies of the equipment and the frequency for the rotating turbomachinery
to identify more general nature of the acoustic signal typical of the onset of compressor
surge. The primary goal of this acoustic analysis was to establish an online methodology
to monitor compressor stability that can be anticipated and avoided.
[DOI: 10.1115/1.4045218]
1 Introduction
Surge and stall is one of the most critical problems that occurs
in gas turbine cycles during startup and transient operation. Stall
is a local phenomenon that occurs when the air flow is separated
from the compressor blades, as shown in Fig. 1(a). When this phe-
nomenon is propagated to the full compressor, a surge event
occurs. This effect pushes the airflow backward causing serious
instabilities in the compressor and potential failures are propa-
gated to the turbine [1]. During transient operation, the compres-
sor can fall into multiple stall and surge cycles that can seriously
damage the blades and the turbomachinery, as shown in Fig. 1(b).
The hybrid performance (hyper) test facility developed by
National Energy Technology Laboratory (NETL) was designed to
integrate a fuel cell stack in the gas turbine recuperated cycle to
test controls for advanced power systems. In the direct-fired solid
oxide fuel cell/gas turbine (SOFC/GT) hybrid, the fuel cell cath-
ode and air distribution manifolds are inserted between the com-
pressor and the turbine; as a result, the compressor plenum is 200
times larger than that found in a typical recuperated turbine sys-
tem. In general, the size of the volume is proportional to the size
of the fuel cell components, in this case, the larger volume was
required to integrate a cyber-physical representation of a 350 kW
fuel cell stack into the gas turbine system, and as expected, this
hardware configuration affects the performance of the cycle. Spe-
cifically, a larger volume creates higher pressure drop across the
system; so for any given mass flow rate, the compressor runs at
higher pressure, and thus closer to the surge line to compensate
for the pressure drop [2]. Also, during startup, shutdown, and tran-
sient operations when the turbine speed deviates from its nominal
operating value, the mass flow changes at higher rate compared to
the pressure because the large volume keeps the system pressur-
ized. As a result, surge margins are reduced, and operational pre-
cautions are required to avoid surge and stall during process
transients [3].
In the operation of industrial gas turbine systems, the operator
constantly monitors the surge margin to avoid compressor insta-
bilities that can cause system shutdown and potential damage to
the compressor blades. The surge margin is a calculation of
the operational conditions of the compressor evaluated against the
distance to the surge line. Such a line is generally provided by the
compressor/turbine manufacturer or it is empirically developed by
the operator if the configuration of the engine was modified, such
as in NETL’s hybrid configuration. The operational condition of
the compressor is generally calculated using the corrected mass
flow going to the compressor and pressure ratio between the com-








; b ¼ Pout þ Pa
Pa
(1)
Compressor stall and surge occurs during an increase in the
pressure ratio or decrease in the corrected mass flow inside the
compressor. However, surge and stall events cannot be directly
anticipated with conventional process instrumentation. Recently,
acoustic and vibration analysis were proposed to detect the incep-
tion of surge [4–6]. These types of sensors give the opportunity to
evaluate the high frequency components of the system at nominal
condition, and when the compressor operates near the surge line
during transient operations [7]. Different analyses can be per-
formed to find a measurement or signal transformation that is
more sensitive than traditional methods to detect an approaching
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surge. Generally, an FFT analysis is used to evaluate changes of
the signal frequency spectra between nominal and transient
conditions.
In this paper, acoustic sensors were used to detect changes in
the frequency for components of the system between nominal con-
ditions and operations near the surge line. Industrial microphones
were installed near the compressor of the gas turbine hyper
facility to identify when the equipment was getting close to the
surge line. Experimental tests were conducted in fuel valve—
turbine speed operation at nominal condition and when the surge
margin was reduced by closing the bleed-air and cold-air bypass
valve. The FFT was developed using 1 min of data when the sys-
tem was at nominal condition and in steady-state but operating
near the surge line.
2 Hardware
Hyper features a combination of physical and virtual compo-
nents to evaluate the dynamic response of highly complex hybrid
cycles [8]. Hardware modifications were designed to couple a
physical gas turbine system and recuperators with a cyber-
physical solid oxide fuel cell (SOFC) system. In particular, the
volume of the cyber physical SOFC directly affects the compres-
sor dynamic performance. A description of the facility is pre-
sented in Refs. [8] and [9].
2.1 Hardware Components. The turbine and compressor
system is a 120 kW auxiliary power unit Garrett Series 85. It con-
sists of a single shaft, direct coupled turbine nominally operating
at a 40,500 rpm, a two-stage radial compressor nominally supply-
ing 2 kg/s airflow at 4 bars, and a gear driven synchronous
(400 Hz) generator. The electrical generator was loaded by an iso-
lated 120 kW resistor bank. The compressor discharge tempera-
ture was typically 475 K. Two counter-flow parallel heat
exchangers were used to preheat the air exiting the compressor
with flow from the turbine exhaust. The preheated air was then
sent to a pressurized vessel representing the volume of the SOFC
cathode [8]. Such a volume represents the residence time and flow
for pressure dynamics of the SOFC [10,11].
The combustor and original fuel system were removed from the
standard auxiliary power unit configuration, and a natural gas
combustor was located downstream of the SOFC cathode volume.
The combustor was used to startup and operate the gas turbine
engine as shown in Fig. 3 to reproduce the waste heat calculated
by a real-time fuel cell simulator.
2.1.1 Bleed-Air Valve. A bleed-air valve is a standard actuator
designed in any gas turbine system to discharge compressed air
into the atmosphere. It is generally open during startup operations
to increase the mass flow rate and consequently increase surge
margin. In the hyper facility, a six-inch valve with a three-inch
body is used as the bleed-air actuator. The range of operation is
between 100% and 88% of the closing position when electric load
is engaged to the turbine.
2.1.2 Cold-Air and Hot-Air bypass Valve. A cold-air bypass
diverts air from compressor outlet to turbine inlet, and a hot-air
bypass diverts air from heat exchangers outlets to turbine inlet.
Detailed information on the sensors located in the facility can be
found in previous work [12].
2.1.3 Swift Fuel Valve. The Woodward Swift elastomeric seat
(ES) is a 2.54 cm sonic needle and nozzle operated at high speed
with a stepper motor capable of implementing fast flow changes
of the fuel, natural gas. The time response time of this valve is
5 ms.
2.2 Instrumentation
2.2.1 Turbine Speed Optical Sensor. Rotational speed of the
turbomachinery was measured by three Banner D10DNFP optical
sensors (ST-502A, B, and C), which detect laser light reflected
from a rotating target on the end of the generator shaft and trans-
mit a pulse train to the frequency input of the control system.
There were 12 pulses per revolution that reflected from 12 targets.
Each optical sensor provided a 1200 pulse/s signal at the nominal
40,500 rpm turbine speed with an observed standard deviation of
50 rpm, or precision of 0.12% relative error. A gear ratio of 6.75
Fig. 1 (a) Compressor stall phenomena [3] and (b) compressor
blades failure as result of surge and stall event at the Hyper
facility
Fig. 2 Compressor operating point in the representative map
for illustrative purposes
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reduced the nominal turbine speed to 6000 rpm on the generator
shaft, the four poles in the generator provided a generator fre-
quency of 400 Hz. The speed signal was sampled every 5 ms, dis-
cretizing the continuous sample with a resolution of 1.68 Hz.
2.2.2 GRAS Acoustic Microphones. High-speed data acquisi-
tion was obtained using GRAS free-field measurement acoustic
microphones, model GRAS 40AE, which is a rugged microphone
specifically developed for testing in harsh environments like auto-
motive applications. The operational range of these sensors was
15–20 kHz and a dynamic range from 17 to 148 dB. An important
feature was that this sensor was highly precise and stable because
it is an electret condenser microphone, i.e., the electrostatic equiv-
alent of a permanent magnet was incorporated according to IEC
61094-4 requirements. Current signals were gathered using a 10
to þ10 V digital card using a National Instrument LabVIEW plat-
form that was able to acquire the data at a computational response
of 5000 Hz. Due to the large number of data collected, only 1 min
of data was analyzed sampling at 1000 Hz.
2.2.3 Compressor Inlet Flow. Compressor inlet flow was
measured through an annubar flow device, which provided a
mechanical average of the difference between stagnation pressure
and static pressure in the inlet pipe. Compressor inlet temperature
and pressure reflect ambient conditions in the facility during oper-
ation and were used to calculate corrected airflows and the com-
pressor pressure ratio. The time response was 300 ms.
3 Experimental Methodology
Since the compressor generate different noises when operating
near the surge limit, acoustic signals were acquired to detect sig-
nificant changes in the frequency response. Samples were taken at
1000 Hz through GRAS microphones that were placed in front of
the compressor freestanding pedestals, as shown in Fig. 4.
Two different operational conditions in the compressor were
evaluated while operating the gas turbine system in closed-loop
using fuel flow to automatically control turbine speed: (1) nominal
operation, and (2) steady-state operation near the surge margin. In
both cases, 1 min of data was collected, in the nominal closed-
loop configuration all the actuators were kept at nominal condi-
tions. In the steady-state closed-loop (SSCL) operation near the
surge margin, the nominal conditions were changed by restricting
the amount of air in the compressor and place the operational con-
ditions close to the surge line, as shown in Table 1 and Fig. 5.
The dynamic response of the surge margin was calculated dur-
ing the changes shown in Fig. 5. Specifically, the shortest distance
from the operational condition of the compressor to the surge line
was used for this calculation, as shown in the following equation:
sm ¼
jb 2:0423  _mcð Þ  0:1602jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:04232 þ 1
p (2)
The parameter in Eq. (2) represents the slope (2.0423) and the
value of the y-axis intercept (0.1602) of the surge line. The
surge margin was reduced by almost a 30% during the transition
Fig. 3 Hyper facility layout
Fig. 4 GRAS microphone locations at the hyper facility
Table 1 Bypass valve configuration for nominal and near
surge operating conditions
Actuators, % open Nominal operations Near surge operations
Bleed-air valve 6% open (94% closed) 0% open (100% closed)
Cold-air bypass 40% 27%
Hot-air bypass 25% 25%
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from nominal to near surge conditions as depicted in Fig. 6. This
change was considered the right compromise to detect compressor
instability without risk of damaging the gas turbine equipment.
After the valves were changed a minute of data was used in the
acoustic analysis.
4 Acoustic Data Processing
To analyze the data, FFT was applied to the acoustic responses.
This takes the variable that is a function of time and decomposes
it into a series of oscillatory functions, each with a characteristic
frequency [3]. This equation can be expressed as





an cos nxtþ bn sin nxtð Þ (3)
where a and b are amplitudes of the oscillatory functions cosðnxtÞ
and sinðnxtÞ, respectively. The value of x is related to the charac-
teristic frequency f by
x ¼ 2  p  f (4)
An important parameter when using the FFT is the number of data
points. By default, this number must be expressed in terms of
2(n), where n represents the numbers of data points and must be
an integer. For example, with 300,000 data points, the closest
number is 218¼ 262,144 data points. In each test the number of
data points was kept constant by analyzing 1 min of data and the
FFT used to obtain the frequency response. Four different runs
were made with the turbine to replicate the test and find reproduci-
bility in the data.
5 Rotational Turbine Speed Analysis
Rotational speed analysis was made by gathering data from sen-
sors ST-502A, ST-502B and ST-502C (gray, blue, and orange in
Fig. 7). Each sensor was analyzed for each test to evaluate the tur-
bine speed operations when changes were made from nominal
Fig. 5 Step changes for cold air and bleed air valve
Fig. 6 Surge margin versus time during cold-air and bleed-air
operation
Fig. 7 Rotational speed instability









niversity user on 20 February 2020
conditions to near surge condition. As shown in Fig. 7, spikes in
the turbine speed were observed when the turbine was operating
closer to the surge line. One minute of data was shown in Fig. 7
after changes to the new operating point were made. These spikes
were taken as a sign of instability in the compressor, commonly
called incipient stall.
Incipient stall is the last warning before approaching stall and it
is caused by the limitation of air flowing in the compressor, as
previously shown in Fig. 1 [13]. Such an instability can be detri-
mental for the turbine shaft and compressor blades, as shown in
Fig. 8. The natural frequency of the process was calculated using
Eq. (4). Considering a rotational speed of 6000 rpm, since turbine
speed sensors are located on the generator shaft, a natural fre-
quency of the Hyper was noticed at 100 Hz (Fig. 8). Others fre-
quency spikes were also located in the low frequency range of
10 Hz, but the most meaningful to understand the dynamic of the
rotating machine was the dominant one at 100 Hz.
6 Acoustic Analysis
During the FFT analysis 262,144 data points were used. Ana-
lyzing the graphs, frequency response spikes were identified at
1800 Hz (0.5 ms), 1020 Hz (1 ms), 900 Hz (1.1 ms) and 500 Hz (2
ms) in both the nominal and near surge tests. Comparing the
amplitudes of the spikes of both tests, those near the surge margin
mostly had higher spikes than the nominal test cases. Figures 9
and 10 are directly comparable because have the same y-axis
range.
In the test #1, the data seem displaced and out of phase with the
other replicates for the nominal case (Fig. 9), even though spikes
were identified at a similar frequency. By contrast, this was not
observed in the replicates obtained near surge case (Fig. 10). This
difference is highlighted in Fig. 11 displaying a narrower fre-
quency range for both cases.
The spikes identified at 500 Hz and between 1000 and 1500 Hz
can be considered simple noise due to their characteristic narrow
spikes. When operating closer to surge, operational instabilities
were apparently creating more noise and vibration in the
equipment. The amplitude data are presented in Table 2 where the
nominal case is abbreviated for SSCL for steady-state closed-loop
operations and the near surge case is abbreviated steady-State
near surge line (SSNSL) for steady-state near surge closed-loop
Fig. 8 FFT analysis of turbine rotational speed at nominal
conditions
Fig. 9 Frequency response for replicates taken at nominal
operating conditions
Fig. 10 Frequency response for steady-state operation near
the surge margin
Fig. 11 900 Hz frequency found in nominal and steady-state
closed-loop operation near the surge margin
Table 2 Amplitudes results from FFT analysis
Tests SSCL SSNSL D amplitude (SSNSL-SSCL)
Frequency (Hz) Amplitude
Test #1
900 7.00 106 1.60 105 9.00 106
1020 1.05 105 1.00 105 5.00 107
1800 7.00 106 1.20 105 5.00 106
Test #2
900 1.10 105 2.20 105 1.10 105
1020 1.30 105 1.00 105 3.00 106
1800 8.40 106 1.30 105 4.60 106
Test #3
900 1.30 105 1.75 105 4.50 106
1020 1.00 105 1.00 105 0.00
1800 8.00 106 1.20 105 4.00 106
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operations. The average amplitude for the spike at 1800 Hz near
the surge line (SSNSL) was about 1.3 105 as compared to the
average amplitude of 0.8 105 at nominal conditions. Specifi-
cally, a 58% increase on the average in the case near the surge
line compared to the nominal case. This percentage calculation





Analysis of variance (ANOVA) was conducted. The null hypothe-
sis, Ho, that the amplitudes were equal could be rejected with a
statistically significant probability of 0.11% (p-value¼ 0.0011)
for a two-sided F-distribution (n¼ 6, a/2¼ 0.025). Using a gen-
eral linear model, the amplitude at 1800 Hz was found to be sig-
nificantly dependent on the surge margin with 94.7% of the
variance explained.
At an amplitude for the acoustic signal at 900 Hz, the average
values were 1.9 105 and 1.0 105 for near surge and nominal
conditions, respectively. Specifically, a 79% increase on the aver-
age in the case near the surge line was compared to the nominal
case. The ANOVA could also reject Ho with p-value 0.0317 (6,
0.025). General linear model was only able to explain 72.3% of
the variance between the amplitude at 900 Hz and the surge
margin.
For the spike found at 1020 Hz, the average amplitudes were
1.0 105 and 1.1 105 near the surge margin and nominal
conditions, respectively. ANOVA could not reject the null
hypothesis. The p-value was 0.277 (6, 0.025). Thus, only the spike
found at 1020 Hz had an amplitude that was not significantly dif-
ferent near the surge margin from the nominal conditions. The
higher spike during nominal conditions could have been due to
random noise or vibrations from the bearings.
Figure 11 shows the amplitudes found in the 900 Hz spikes dur-
ing nominal operations (top graph) and when operating near the
surge line (bottom graph). This is the tallest spike found in terms
of amplitude and the second most dense spike in terms of
bandwidth.
The spikes found at 1020 Hz are shown in Fig. 12. This was a
medium spike in terms of amplitude and it was also the narrowest
one selected for comparison. As previously mentioned, there was
not a significant difference between nominal and near the surge
operations in terms of the amplitude of this spike.
The final comparison was made with between the 1800 Hz
spikes (Fig. 13). This was the densest spike, in other words, most
of the acoustic signal acquired had this frequency. It was also the
shortest spike in terms of the amplitude reached, but the spikes
from operating near the surge margin were significantly higher
than those at nominal operation.
7 Conclusion
The acoustic signals were analyzed after applying an FFT. Sev-
eral high-frequency components were identified to display
changes in frequency and amplitude. At a frequency of 900 Hz, an
average amplitude increased by 79%. At 1020 Hz, the amplitude
change was found to be statistically not significant. Finally, at
1800 Hz, the amplitude increased by approximately 33% on the
average value.
On other hand, some of the data despite looking very similar in
terms of amplitude were displaced in terms of the frequency. This
can be due to variability in the fuel quality, system thermodynam-
ics (air flows), or system pressure ratios. Another important con-
clusion obtained during this research was that the microphones
used to gather the data were highly directional. This means that
the quality of the data gathered was strongly dependent on their
location, how close they were placed to the compressor, as well as
changes in the direction that they were pointed.
During this research, additional information regarding the com-
pressor and gas turbine operation used at NETL was obtained.
Acoustic data analysis can provide a viable approach to detect surge
and stall. An alternative approach to the traditional monitoring of
the corrected mass flow rate and pressure ratio on the compressor
map can be developed with the data gathered by this research.
8 Future Work
In future work, a methodology based on acoustic data analyses
could be used to detect power plant degradation in existing (coal)
power plants or potential leak due to deterioration of critical compo-
nents. Such a methodology could be used with the purpose of give
an adequate equipment preventing maintenance or to predict detri-
mental failures that could result in downtime and monetary losses.
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Nomenclature
BA ¼ bleed-air bypass
CA ¼ cold-air bypass
FFT ¼ fast Fourier transformation
SSCL ¼ steady-state closed-loop
SSNSL ¼ steady-state near surge line
Symbols
a, b ¼ amplitudes of the oscillatory functions
Ho ¼ null hypothesis
_m ¼ mass flow, kg/s
n ¼ number of data points
P ¼ pressure
T ¼ temperature
x ¼ average values in the amplitude of the frequency spikes
b ¼ pressure ratio
D ¼ amplitude difference in the FFT




c ¼ corrected mass flow
nom ¼ nominal closed-loop operation
out ¼ compressor outlet
r ¼ referred
surge ¼ steady-state operation near the surge line
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